The aortopathy of bicuspid aortic valve disease has distinctive patterns and
Objectives: Bicuspid aortic valves are associated with a poorly characterized connective tissue disorder that predisposes to aortic catastrophes. Because no criterion exists dictating the appropriate extent of aortic resection in aneurysmal disease of the bicuspid aortic valve, we studied the patterns of aortic dilation in this population.
Methods: Sixty-four patients with bicuspid aortic valves who underwent computed tomographic or magnetic resonance angiography and echocardiography were retrospectively identified between January 2002 and March 2006. Orthonormal 2-dimensional or 3-dimensional aortic diameters were measured at 10 levels. Agglomerative hierarchic clustering with centered correlation distance measurements and complete linkage analysis was used to detect distinct patterns of aortic dilatation.
Results: Mean aortic diameter was 28.1 6 0.7 mm at the annulus and 21.7 6 0.4 mm at the diaphragmatic hiatus. The aorta was largest in the tubular ascending aorta (45.9 6 1.0 mm). Compared with the descending aorta, the transverse aortic arch was also dilated (P , .01). Cluster analysis showed 4 patterns of aortic dilatation: cluster I, aortic root alone (n 5 8, 13%); cluster II, tubular ascending aorta alone (n 5 9, 14%); cluster III, tubular portion and transverse arch (n 5 18, 28%); and, cluster IV, aortic root and tubular portion with tapering across the transverse arch (n 5 29, 45%).
Conclusion: Distinct patterns of aortic dilatation in patients with bicuspid aortic valves call for an individualized degree of aortic replacement to minimize late aortic complications and reoperation. Patients in clusters III and IV should have transverse arch replacement (plus concomitant root replacement in cluster IV). Patients in cluster I should undergo complete aortic root replacement, whereas in patients in cluster II supracommissural ascending aortic grafting is adequate.
B
icuspid aortic valves (BAVs) are the most common congenital cardiovascular malformation, occurring in 0.9% to 2% of the population and affecting approximately 4 million persons in the United States. 1 BAVs are also the most common cause of aortic valve disease in patients younger than 70 years in North America. 2 Echocardiographic examination of the aortic root and ascending aorta in patients with BAVs has demonstrated more aortic dilatation than in subjects with tricuspid aortic valves. [3] [4] [5] [6] The aortic enlargement in patients with BAVs is typically asymmetric 3 and might involve the aortic arch. 7 Even in patients with BAV disease without gross dilation of the ascending aorta, distances between the aortic valve and point of maximum diameter of the ascending aorta at the outer and inner curve are longer, suggesting that the aorta is also elongated. 8 Aortic aneurysmal disease in the BAV is due to an aortopathy 9 that is present independently of valvular abnormalities or hemodynamic factors. 2, 10 Even in the absence of aortic dilation, this aortopathy causes abnormal aortic mechanical properties.
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The most important clinical consequence of an enlarged ascending aorta and the underlying aortopathy is the higher incidence of aortic rupture and aortic dissection. The presence of a BAV increases the risk of aortic dissection 9-fold and puts the 12, 13 Notably, aortic dissection usually occurs in the presence of a normally functioning BAV. 12, 14 Although it is clear that BAV disease is associated with proximal aortic dilation, controversy exists concerning the extent of thoracic aortic involvement, mainly because the majority of studies to date have only used echocardiography to detect aortic dilatation. 15 Herein we document thoracic aortic morphology in patients with BAVs using computed tomographic angiography (CTA) or magnetic resonance angiography (MRA). We then used hierarchic clustering, a tool used to automatically detect data clusters in gene-array studies, 16 to identify 4 distinct patterns of aortic involvement. These 4 distinct clusters argue that a custom-tailored surgical approach is most appropriate in dealing with the dilated aorta in the setting of a BAV.
Materials and Methods

Patients and Methods
The time interval of this retrospective review extended from January 1, 2002, to March 1, 2006 . Only patients with thoracic aortic imaging with either CTA or MRA were included. The patients were identified by means of electronic query of the radiologic (initially identified 55 patients) and echocardiographic (initially identified 285 patients) databases for the key term ''BAV'' in either the requisition or in the text field of the report. The surgical database was reviewed manually to identify patients with BAVs who had undergone cardiovascular surgical intervention. A total of 102 patients with BAVs had complete radiologic examination of the thoracic aorta. Patients with only postoperative images (n 5 18), repaired aortic coarctation (n 5 10), and aortic dissection (n 5 10) were excluded from further analysis. The final analyzed cohort comprised 64 patients, of whom 62 also had a Stanford echocardiogram. The echocardiographic pattern of cusp fusion was recorded in 44 patients on echocardiographic rereview by one of the investigators. Average patient age was 45 6 1 years (range, 18-75 years). Of the 64 patients, 49 were men.
Thoracic aortic diameter was measured at 10 levels: (1) aortic annulus, (2) sinuses of Valsalva, (3) sinotubular junction, (4) tubular portion of the ascending aorta, (5) proximal to the innominate artery (or common trunk in case of a bovine arch), (6) distal to the innominate artery (or common trunk), (7) proximal to the left subclavian artery, (8) distal to the left subclavian artery, (9) proximal descending aorta, and (10) distal descending thoracic aorta at the level of the diaphragmatic hiatus ( Figure 1 ). Aortic measurements were made in the orthonormal plane to the aorta by using 3-dimensional (3-D) reconstructions of the thoracic aorta or 2-dimensional (2-D) axial images when 3-D images were not available. Measurements from the 3-D images were obtained in arbitrary pixels that were converted to metric measurements by normalizing to the aortic diameter measured at the diaphragmatic hiatus on both the 3-D and 2-D axial images. This aortic level was chosen for determining the correction factor because the 2-D axial cuts are most likely to be orthonormal to the longitudinal axis of the descending thoracic aorta here in these young patients. Correlation between the 3-D and 2-D axial measurements was determined in 10 randomly selected patients who had both sets of images available for analysis. Interobserver variability was determined by comparing measurements made by 2 independent blinded observers in another 10 randomly chosen patients.
Statistical Analysis
Data are presented as means 6 1 standard error of the mean. The aortic diameter at various levels was compared with the diameter of the aorta at the diaphragmatic hiatus to detect patterns of aortic dilation by using analysis of variance followed by the Dunnett post hoc test. The diameter of the aorta was compared at various levels to detect differences between groups by using the unpaired nonequal variance Student t test. The interclass correlation (ICC) technique was used to calculate interobserver variability from both the 2-D axial and 3-D reconstructed images. Interobserver variability at distinct aortic locations was measured with the Bland-Altman confidence intervals method. Hierarchic cluster analysis was performed with the Hierarchical Clustering Explorer version 3.5 (University of Maryland, www.cs.umd.edu/hcil/hce). The data were first plotted after normalization by using the within-patient z score. Complete linkage analysis with Pearson correlation coefficient similarity measurement was used to generate the clusterogram.
Results
Overall interobserver variability was minimal: ICCs of 0.91 for the 2-D measurements and 0.88 for the 3-D measurements. The overall correlation between 2-D and 3-D measurements was excellent, with an ICC of 0.85 (see Figure E1 ). The interobserver variability at various aortic locations by both 2-D and 3-D measurements assessed by using the BlandAltman method is summarized in Table E1 . Overall, the reliability of the various 2-D and 3-D measurements was very good.
A mean aortic valve gradient of greater than 10 mm Hg (aortic stenosis) was present in 39% (24/62) of patients for whom echocardiographic reports were available. The distribution of aortic gradients was as follows: 10 to 25 mm Hg, n 5 11; 26 to 50 mm Hg, n 5 10; and greater than 50 mm Hg, n 5 3. The mean aortic valve gradient in patients who had any flow acceleration across the valve (n 5 42) was 21.6 6 3.2 mm Hg. Thirty-nine patients had aortic insufficiency (AI), which was distributed as follows: 11 AI, n 5 13; 21 AI, n 5 15; 31 AI, n 5 9; and 41 AI, n 5 2. In patients with AI, the direction of the regurgitant jet was in a commissure in 2 patients, central in 6 patients, and eccentric and directed along the anterior leaflet of the mitral valve in 19 patients.
The patterns of cusp fusion in the 44 patients in whom echocardiograms were available for re-review were as follows: naturally perfect with no raphe (Sievers Type 0) in 4 (9%), right/left cusp fusion (Sievers Type 1, R/L) in 31 (71%), right/noncoronary cusp fusion (Sievers Type 1, R/N) in 8 (18%), and left/noncoronary cusp fusion (Sievers Type 1, L/N) in 1 (2%).
Measurements of aortic diameter at all levels in the entire cohort passed the normality test. Mean aortic diameter at the annulus was 28.1 6 0.7 mm, and that at the diaphragmatic hiatus was 21.7 6 0.4 mm. The largest aortic diameter was in the tubular portion of the ascending aorta, in which the mean diameter was 45.9 6 1.0 mm. The aorta then tapered to normal diameter across the aortic arch; the mean diameter distal to the innominate artery was 30.1 6 0.8 mm (Figure 2,  A) . When compared with the caliber of either the proximal or distal descending aorta, ascending aortic and arch diameters were significantly larger (Figure 2, A) .
Comparison by sex showed similar dilation of the ascending aorta and transverse arch in male and female patients, although the relative degree of aortic dilation when indexed to the distal descending aorta was larger in women (Figure 2 , B). Analysis by age revealed greater dilation of the aortic sinuses and the sinotubular junction in younger patients (18-29 years) relative to the distal descending aortic diameter (Figure 2, C) . The presence of any degree of aortic stenosis (mean gradient, .10 mm Hg) or AI was not associated with aortic dilatation (Figure 2, D and E) . A bovine aortic arch was associated with less dilatation in the midarch (Figure 2, F) .
Cluster analysis (Figure 3 ) demonstrated 4 distinct patterns of aortic dilation in these patients with BAVs. Cluster I patients (n 5 8) had involvement of the aortic root. Cluster II patients (n 5 9) had involvement of the tubular portion of the ascending aorta. Cluster III patients (n 5 18) had involvement of the tubular portion of the ascending aorta and transverse aortic arch. In these patients aortic diameters proximal and distal to the takeoff of the innominate artery were 46.3 6 6.2 mm and 35.9 6 4.8 mm, respectively. In cluster IV patients (n 5 29) the aortic dilatation was most diffuse, involving the aortic root, ascending aorta, and the proximal aortic arch. Aortic diameter was 41.6 6 6.5 mm at the sinuses of Valsalva, 46.7 6 8.6 mm in the tubular ascending aorta, 36.2 6 5.7 mm proximal to the innominate artery, and 29.1 6 5.8 mm in the midarch. Cluster I contained the youngest patients and the highest proportion of female patients. Clusters I and IV, both of which had aortic root involvement, accounted for 73% of patients with a bovine aortic arch. The pattern of cusp fusion in each cluster is depicted in Figure 3 , but cusp fusion pattern was not associated with any particular aortic morphology cluster pattern.
Discussion
When complete thoracic aortic imaging was available, we observed that aortic dilatation in patients with BAVs frequently involves the transverse aortic arch. More importantly, we found that patterns of aortic dilatation fell into 4 distinct categories. These separate morphologic patterns argue that an individualized and custom-tailored approach to aortic resection in patients with BAVs would be reasonable and should involve the aortic arch in the majority of cases. Figure 1 . Three-dimensional computed tomographic angiographic reconstruction of a patient with a bicuspid aortic valve demonstrating the 10 sections at which the aortic diameter was measured: A, aortoventricular junction; B, sinuses of Valsalva; C, sinotubular junction; D, tubular portion of the ascending aorta; E, proximal to the innominate trunk; F, distal to the innominate trunk; G, proximal to the left subclavian artery; H, distal to the left subclavian artery; I, proximal descending aorta; J, descending aorta at the diaphragm. Natural history observational studies have suggested that an ascending aortic diameter of 6 cm (irrespective of whether the valve is bicuspid or tricuspid) is an indication for surgical graft replacement, with 6 cm being the hinge point beyond which there is a 30% increase in the probability of rupture. 17 Patients who underwent isolated aortic valve replacement when the aortic diameter exceeded 5.1 cm experienced a risk of aortic dissection in excess of 20% compared with 0.6% in patients with no ascending aortic dilatation. 18, 19 E. Stanley Crawford first brought to our attention this grave surgical error of omission more than 20 years ago. Patients with BAVs undergoing aortic valve replacement commonly have substantial dilation of the ascending aorta, 20 which continues to enlarge after aortic valve replacement. 21 Furthermore, patients with BAVs with moderate aortic dilatation who undergo only aortic valve replacement sustain aortic dissection, rupture, and sudden death more frequently than similar patients with a tricuspid aortic valve. [22] [23] [24] Based on these findings, the American College of Cardiology and American Heart Association practice guidelines have now adopted a more aggressive posture, favoring aortic replacement when the aorta is larger than 45 mm in patients with BAVs undergoing aortic valve replacement and 50 mm in patients with BAVs with isolated thoracic aortic aneurysms. 25 The extent of the aorta that should be replaced, however, presently is unknown. In the present study 58% of patients had aortic root involvement (clusters I and IV), and 73% of patients had involvement of the proximal arch (clusters III and IV). In the latter groups of patients, the aortic dilatation extended into the midarch in 35%. This question of how much aorta to replace highlights the importance of relative aortic size, as introduced by Davies and colleagues, 26 or of observed aortic size indexed to predicted aortic size, as first advocated by Legget and associates. 27 Although the latter is likely to be more reliable in predicting adverse clinical events, it depends on accurate reference values that presently do not exist for the aortic arch. Furthermore, the impetus to replace all diseased aortic segments must be balanced against any incremental operative risk inherent in a more aggressive surgical approach.
Two main surgical options exist for the treatment of aortic root aneurysms: composite valve graft (CVG) or valve-sparing aortic root replacement. Both approaches can be carried with low operative mortality and excellent long-term outcomes. 28, 29 Compilation of our own results in the 5-year period covered by this report has shown that 1 of 126 patients undergoing elective mechanical CVG has died (0.79% mortality rate). Similarly, none of the 106 patients undergoing elective reimplantation-type valve-sparing root replacement has died. Arguably, in young patients the more attractive option is valve-sparing aortic root replacement if the BAV cusps are not fibrotic or calcified, so that the patient avoids the thromboembolic and anticoagulant-related hemorrhagic complications of a CVG with a mechanical prosthesis. This approach, however, exposes the patient to a higher risk of reoperation when the valvular pathology progresses or the valve-sparing operation does not prove to be durable, but this increased risk is not clearly defined in the current literature. Another approach, which we do not recommend in this young patient population, is the separate valve graft, whereby the aortic valve and the supracoronary aorta are replaced separately. This procedure leaves diseased aortic sinuses behind and should only be undertaken when the patient is elderly and has significant comorbidity and is deemed to be unfit for a full aortic root replacement. Total arch replacement is performed today with low morbidity and mortality in centers with experienced personnel. 30 The decision for aortic arch replacement is made preoperatively on review of aortic imaging. The extent of resection then informs our choice of arterial cannulation. When aortic arch replacement is planned, patients either undergo cannulation of the axillary artery or the innominate artery. In all cases we use a combination of selective antegrade cerebral perfusion and hypothermia. Again, during the time interval of the present study, none of the 62 patients undergoing CVG and arch replacement and none of the 31 patients undergoing valve-sparing root replacement and arch replacement have died. However, it is realistic to expect some small increase in risk if the arch is replaced concomitantly at centers with less-experienced personnel. Despite this theoretic increased risk, we believe that total aortic arch replacement (frequently using the ''peninsula technique,'' leaving a small tongue of greater curvature of the arch along the origins of the great vessels, which is more aggressive than the traditional beveled graft hemiarch replacement) should be carried out in the cluster III patients with BAVs whose aortas measure 46 mm just at the takeoff of the innominate artery. In patients in cluster IV, even an open distal anastomosis when replacing the ascending aorta will leave behind the proximal aortic arch, on average measuring 36 mm. Given that the ascending Figure 2 . Aortic dilation in patients with bicuspid aortic valves involves the aortic arch. A, Aortic diameters in all patients. *P < .05, Dunnett posttest compared with the aortic diameter at the diaphragmatic hiatus. B, Aortic diameters by sex. C, Aortic diameters by age. Younger patients had greater relative dilation of the aortic root relative to the distal descending aorta. D, Aortic diameters by presence of aortic stenosis. AS, Aortic stenosis. E, Aortic diameters by presence of aortic insufficiency. AI, Aortic insufficiency. F, Aortic diameters by presence of a bovine aortic arch. 1, Aortoventricular junction; 2, sinuses of Valsalva; 3, sinotubular junction; 4, tubular portion of the ascending aorta; 5, proximal to the innominate trunk; 6, distal to the innominate trunk; 7, proximal to the left subclavian artery; 8, distal to the left subclavian artery; 9, proximal descending aorta; 10, descending aorta at the diaphragm. aorta in patients with BAVs enlarges by approximately 0.9 to 1.9 mm/y, 31, 32 it would take less than 15 years before the aortic arch would theoretically dilate to 50 mm. These more aggressive strategies are warranted given the young age of these patients with BAVs, averaging 45 years in our present cohort. Using less-extensive aortic replacement places these patients with an underlying aortopathy at risk of either aortic catastrophe, which is frequently fatal, or requirement for later reoperation, which is a high-risk redo procedure. The decision to carry out a more extensive resection ought to be taken in light of the personal outcomes of the treating team. Less-experienced surgeons might wisely elect to avoid complete resection of the diseased aortic segments.
Several limitations temper the inferences that can be drawn from the present analysis. First, we do not presently have clinical data to support the notion that more aggressive aortic replacement will decrease postoperative morbidity and mortality over the long-term. Indeed, the retrospective natural history studies regarding how malignant or benign thoracic aortic aneurysms behave in patients with BAVs are conflicting. 22, 23, 31, 33 Second, we did not have access to all echocardiograms for personal re-review, which rendered our analysis of cusp fusion patterns and patterns of aortic dilation relatively underpowered.
Third, our snapshot analysis does not provide any longitudinal information concerning the fate of aortic aneurysms in patients with BAVs. In fact, the different clusters could theoretically represent the same pathology along a continuum.
Fourth, this patient sample is a selected cohort in which we had access to complete CTA or MRA thoracic aortic imaging. We are also unable to determine the total number of patients with BAVs who were treated at our institution during the study interval. If all patients with BAVs were subjected to more complete thoracic aortic imaging, the degree and extent of aortic dilation might differ.
Fifth, our patient population was not compared with patients with ascending aortic aneurysms who had a trileaflet Cluster II patients had predominant involvement of the tubular portion of the ascending aorta (n 5 9). Cluster III patients had involvement of the tubular portion of the ascending aorta and the transverse arch (n 5 18). Cluster IV patients had diffuse involvement of the thoracic aorta with dilation extending from the aortic root to the midtransverse arch (n 5 29). The 4 clusters are shown again in the bottom 4 panels, which depict the metric aortic diameters across the thoracic aorta for each individual patient. The clinical data for each cluster are summarized to the right of each cluster panel. AS, Aortic stenosis; AI, aortic insufficiency. aortic valve; based on current information, it is unclear how aneurysm extent and morphology differ between these patient subgroups. Nevertheless, we must take to heart Dr John S. Child's plea that we must now abandon the terms ''poststenotic dilation'' and ''postregurgitant dilation'' in describing the dilated aorta that accompanies a BAV because these patients have an underlying connective tissue disorder and the aneurysmal dilation is not a consequence of the coexistent valvular hemodynamic abnormality. 15 We conclude that aortic dilatation in patients with BAVs follows 4 distinctive patterns that militate for an individualized, custom-tailored degree of ascending aortic and arch replacement. Patients in clusters III and IV requiring operations should have the transverse arch replaced and not just the ascending aorta (along with concomitant root replacement in cluster IV). In cluster I patients complete aortic root replacement (reimplantation type valve-sparing or CVG) is necessary, whereas in cluster II patients a supracommissural ascending aortic graft is adequate. This individualized approach is our practice and should minimize the incidence of late aortic complications and need for reoperation.
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